ABSTRACT: Pseudomonas aeruginosa PA4872 was identified by sequence analysis as a structurally and functionally novel member of the PEP mutase/isocitrate lyase superfamily and therefore targeted for investigation. Substrate screens ruled out overlap with known catalytic functions of superfamily members. The crystal structure of PA4872 in complex with oxalate (a stable analogue of the shared family R-oxyanion carboxylate intermediate/transition state) and Mg 2+ was determined at 1.9 Å resolution. As with other PEP mutase/isocitrate lyase superfamily members, the protein assembles into a dimer of dimers with each subunit adopting an R/ barrel fold and two subunits swapping their barrel's C-terminal R-helices. Mg 2+ and oxalate bind in the same manner as observed with other superfamily members. The active site gating loop, known to play a catalytic role in the PEP mutase and lyase branches of the superfamily, adopts an open conformation. The N of His235, an invariant residue in the PA4872 sequence family, is oriented toward a C(2) oxygen of oxalate analogous to the C(3) of a pyruvyl moiety. Deuterium exchange into R-oxocarboxylate-containing compounds was confirmed by 1 H NMR spectroscopy. Having ruled out known activities, the involvement of a pyruvate enolate intermediate suggested a decarboxylase activity of an R-oxocarboxylate substrate. Enzymatic assays led to the discovery that PA4872 decarboxylates oxaloacetate (k cat ) 7500 s -1 and K m ) 2.2 mM) and 3-methyloxaloacetate (k cat ) 250 s -1 and K m ) 0.63 mM). Genome context of the fourteen sequence family members indicates that the enzyme is used by select group of Gram-negative bacteria to maintain cellular concentrations of bicarbonate and pyruvate; however the decarboxylation activity cannot be attributed to a pathway common to the various bacterial species.
The studies described in this paper were carried out to determine the biochemical function of the hypothetical protein PA4872 from Pseudomonas aeruginosa. PA4872 is a member of the PEP 1 mutase/isocitrate lyase (PEP mutase/ isocitrate lyase) superfamily (1) . Enzymes of the PEP mutase/ isocitrate lyase superfamily catalyze either P-C or C-C bond formation/cleavage. The P-C bond modifying enzymes that have been characterized to date include PEP mutase, carboxyPEP mutase and phosphonopyruvate hydrolase (reactions 1-3 of Figure 1 ). Enzymes known to act on C-C bonds include 5,10-methylenetetrahydrofolate:3-methyl-2-oxobutanoate hydroxymethyl transferase (MOBH), isocitrate lyase, 2-methylisocitrate lyase, the plant petal death protein (a broad specificity 2-alkyl malate lyase having an additional oxaloacetate hydrolase activity) and fungal oxaloacetate hydrolase (reactions 4-7 of Figure 1 ). All of these enzymes catalyze the transformation of an R-oxocarboxylate substrate via an oxyanion intermediate and/or transition state ( Figure  1 ) with the aid of a Mg 2+ cofactor. Structure determinations have been carried out for each of these enzymes, with the exception of carboxyPEP mutase and oxaloacetate hydrolase, to define a conserved catalytic scaffold located at the C-terminal edge of the mainframe R/ -barrel (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . The catalytic scaffold provides a binding pocket for the R-oxocarboxylate substrate that includes residues engaged in hydrogen bond formation with the carboxylate substituent, and residues that bind the Mg 2+ cofactor directly or Via water molecules. The Mg 2+ cofactor coordinates one oxygen atom of the substrate carboxylate group and the R-oxygen atom, thereby serving as an electron sink in the stabilization of the oxyanion intermediate and/or transition state. A strin-gently conserved arginine residue also functions to accommodate charge buildup at the R-oxygen atom during catalytic turnover.
The divergence of function within the PEP mutase/ isocitrate lyase superfamily is largely the result of changes in residue usage within the region of the catalytic scaffold. The long, flexible loop that connects the fourth -strand to the fourth R-helix of the R/ -barrel plays an especially important role in defining chemical function. Moreover, this loop gates the active site; in the "open conformation", ligands can enter or leave the active site, whereas in the closed conformation, bulk solvent is excluded from the site and select loop residues participate in substrate binding and/or catalysis. With the exception of MOBH, the substrates for each of the enzymes identified to date are small enough to be accommodated by the active site in the loop-closed conformation. MOBH, on the other hand, possesses a truncated loop, which presumably allows the large 5,10-methylenetetrahydrofolate cosubstrate to bind.
To discover novel catalytic functions within the PEP mutase/isocitrate lyase superfamily we have focused our attention on the residue usage and the length of the gating loop possessed by members having unknown function. An alignment of family sequences identified PA4872 as a representative of a unique clad containing eight members at the time of analysis (now 14 members) and having a novel sequence for the active site gating loop (1) . We set forth to discover the reaction catalyzed by PA4872 by employing a functional genomic approach that combines structure determination, activity screening and genome context neighbor analysis. Here we present the results, which show that PA4872 is an oxaloacetate decarboxylase, used primarily by pseudomonads. Inspection of genome contexts led us to speculate that the enzyme is employed by different bacterial species to maintain pyruvate and/or bicarbonate cellular levels in a variety of pathways.
MATERIALS AND METHODS
Preparation of Recombinant Wild-Type PA4872. PA4872 was amplified from P. aeruginosa using Pfu Turbo DNA polymerase (Stratagene), genomic DNA, and oligonucleotide primers with restriction sites for NdeI and BamHI. The purified product was ligated to a NdeI-and BamHI-cut pET3c vector (Novagen). The resulting clone, PA4872-pET3c, was used to transform Escherichia coli BL21 (DE3) cells (Novagen). The gene sequence was verified by DNA sequencing carried out at the Center for Genetics in Medicine, University of New Mexico School of Medicine. Transformed E. coli cells were grown to OD 600nm ∼ 0.8 at 25°C in Luria broth (LB) media containing 50 µg/mL carbenicillin. Overexpression was induced with 0.4 mM isopropyl-D-thiogalactopyranoside (IPTG) at 25°C. The cells were harvested by centrifugation at 6500 rpm (7808g) for 15 min at 4°C and suspended in 150 mL of lysis buffer (50 mM Na + Hepes (pH 7.5), 5 mM DTT, 1 mM EDTA, 1 mM benzamide hydrochloride, 0.05 g/L trypsin inhibitor, 1 mM 1,10-phenanthroline, and 0.1 mM phenylmethylsulfonylfluoride). Cells were lysed using a French press and then The chromatography was monitored by measuring the absorbance of the eluted fractions at 280 nm and by carrying out SDS-PAGE analysis. The desired fractions (eluted at ∼0.4 M KCl) were combined, mixed with (NH 4 ) 2 SO 4 to 20% saturation, and loaded onto a 3 × 30 cm phenyl Sepharose column equilibrated with 20% saturated (NH 4 ) 2 SO 4 in buffer A. The column was washed at 4°C with 500 mL of (NH 4 ) 2 -SO 4 (20% saturation) in buffer A and then eluted with a 700 mL linear gradient of (NH 4 ) 2 SO 4 (20%-0% saturation) in buffer A. The desired fractions (eluted at 0% of ammonium sulfate) were combined, mixed with (NH 4 ) 2 SO 4 to 25% saturation, and loaded onto a 3 × 30 cm butyl Sepharose column equilibrated with 25% saturated (NH 4 ) 2 SO 4 in buffer A. The column was washed at 4°C with 500 mL of 25% saturated (NH 4 ) 2 SO 4 in buffer A and then eluted with a 800 mL linear gradient of (NH 4 ) 2 SO 4 (25%-0% saturation) in buffer A. The desired fractions (eluted at ∼12% saturated (NH 4 ) 2 SO 4 ) were combined and concentrated to 15 mL using an Amicon concentrator (Amicon), dialyzed against 4 × 1 L buffer A, and then concentrated to 35 mg/mL using MACROSEP 10K OMEGA (centrifugation at 6500 rpm). The purified protein (yield 4.4 mg/g wet cells) was shown to be homogeneous by SDS-PAGE analysis and stored at -80°C. The molecular mass measured by TOF MS-ES mass spectrometry (University of New Mexico Mass Spectrometry Lab) is 31321 Da, identical to the protein's theoretical molecular mass.
Preparation of Selenomethionine Containing PA4872. For the preparation of selenomethionine (SeMet)-containing protein, E. coli BL21 (DE3) cells transformed with the PA4872-pET3c vector were grown in minimal media containing SeMet instead of methionine. The overexpression and purification protocols used are the same as those employed for the production of the wild type protein.
Preparation of PA4872 Site-Directed Mutants. Sitedirected mutagenesis was carried out by using the Quikchange method and Turbopfu polymerase. The plasmid PA4872-pET3c was used as the template for the PCR amplification. The mutant proteins were purified using the same protocol as described for the wild-type recombinant enzyme. The homogeneity (>90%) of the purified mutant proteins was confirmed by SDS-PAGE analysis. Mutant protein yield: ∼3 mg/g of wet cells.
PA4872 Crystallization and Data
Collection. Wild-type PA4872 was crystallized in hanging drops by the vapor diffusion method at room temperature (approximately 20°C). The drops contained equal volumes of reservoir solution and 10 mg/mL protein in 5 mM MgCl 2, 5 mM oxalate and 10 mM Na + Hepes (pH 7.0). The reservoir solution contained 18% polyethylene glycol 3350, 20% glycerol and 0.1 M MES (pH 6.0). Crystals appeared within 2 days. SeMet-containing PA4872 was crystallized in sitting drops by the vapor diffusion method at room temperature. Aliquots of 10 mg/ mL protein in 5 mM MgCl 2, 5 mM phosphonopyruvate and 10 mM Na + Hepes (pH 7.0) were mixed with equal volumes of reservoir solution containing 12% polyethylene glycol 20,-000 and 0.1 M MES (pH 6.0). X-ray diffraction data for a SeMet-containing protein crystal were collected at IMCA-CAT 17-ID beam line at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL). Prior to data collection, crystals were transferred to mother liquor containing 25% glycerol and flashcooled in liquid propane cooled by liquid nitrogen. Multiple anomalous diffraction (MAD) data at 2.2 Å resolution were collected from a single crystal at three different wavelengths (Se absorption edge inflection, peak, and high-energy remote wavelength).
Diffraction data for a wild-type PA4872 crystal were collected on the home facility using Osmic Max-Flux monochromated X-rays generated by a Rigaku Micro Max 007 rotating anode equipped with a Rigaku AXIS IV ++ detector. Data were processed with Crystal Clear/d*trek ((12) , Rigaku/MSC, The Woodlands, TX). Data collection statistics are shown in Table 1 .
Structure Determination and Refinement. Selenium sites were identified using the computer program SHELXD (13) . Initial phases were calculated using the program MLPHARE (14) in CCP4 (15) . Phase improvement by density modification followed (16) . The initial model was built automatically with the Solve/Resolve programs (17, 18) . Further building of side chains and model modification were done manually on a Silicon Graphics workstation using the graphics program "O" (19) . After adding the side chains to one molecule, the asymmetric unit model was generated by applying the noncrystallographic symmetry operators.
Refinement was carried out using the data collected from the wild-type PA4872 crystal, which diffracted to higher resolution (1.9 Å) than the SeMet-containing protein crystal. CNS (20) was used initially. Simulated annealing at 2500 K was followed by alternating positional and individual temperature factor refinement cycles. As the refinement advanced, REFMAC (15, 21) was used. Progress of the refinement was evaluated by the improvement in the quality of the sigma(a)-weighted 2F obs -F calc and F obs -F calc electron density maps (22) , and the reduction of the conventional R-factor and R free values. Mg 2+ , oxalate and water molecules were added gradually as the model improved. They were assigned in the F obs -F calc difference Fourier maps with a 3σ cutoff level for inclusion in the model. The refinement statistics are provided in Table 2 .
Modeling of the Gating Loop-Closed Conformation. A model of the active-site gating loop in a closed conformation was generated based on the C R trace of the 2-methylisocitrate lyase loop. Side chains were added manually using the program "O". Energy minimization of the modeled loop was carried out in CNS, keeping the remainder of the molecule fixed.
Structure Analysis. Superposition of structures was carried out within the program "O" (19) . The stereochemical quality of the structure was assessed with the program PROCHECK (23) . The programs PyMOL (24) and CCP4mg (25, 26) were used for structure depictions. The program Voidoo was used to calculate the active site cavity (27) .
ActiVity Assays for Substrate Screening. The catalyzed conversion of phosphonopyruvate to PEP was tested using the pyruvate kinase (PK)/ADP and lactate dehydrogenase (LDH)/NADH coupling system to convert PEP to lactate with the coupled conversion of NADH to NAD + . The reaction solution (1 mL) contained 17 µM PA4872, 1 mM phosphonopyruvate, 5 mM MgCl 2 , 20 units/mL PK, 20 units/ mL LDH, 2 mM ADP, and 0.2 mM NADH in 50 mM K + -Hepes (pH 7.5 and 25°C). The absorbance of the solution was monitored at 340 nm (∆ ) 6.2 mM -1 cm -1 ) over a 30 min time period.
The conversion of phosphonopyruvate to pyruvate was monitored using the LDH/NADH coupled assay. The reac- PA4872 Catalyzed Enolization of R-Keto Acids. The enolization rates of pyruvate, 2-keto-4-methyl pentanoate ("R-ketoisocaproate"), 2-keto butanoate ("R-ketobutyrate"), 2-keto pentanoate ("R-ketovalerate"), 2-keto-3-methyl butanoate ("R-ketoisovalerate") and 2-keto-3-methyl pentanoate ("R-keto--methyl-valerate") catalyzed by PA4872 were determined by monitoring the exchange of the C(3) hydrogen atom(s) in buffered D 2 O using 1 H NMR techniques. The solutions contained 100 mM Tris-d 11 (pH 7.5), 60 mM substrate, and 5 mM MgCl 2 in a total volume of 0.5 mL. Assays were initiated by the addition of PA4872 (1.3 µM for R-ketovalerate, 25 µM for pyruvate and R-ketobutyrate, 74 µM for R-ketoisovalerate and R-keto--methyl-valerate). 1 H NMR spectra were recorded at 20°C at 500 MHz with a Bruker Avance 500 NMR instrument spectrometer, using 10 mM 2-methyl-2-propan(ol-d) as the internal standard. The control reactions, which did not contain enzyme, were carried out in parallel. The rates of R-ketovalerate enolization catalyzed by the H235A (8 µM) and H235Q (10 µM) PA4872 mutants were measured using the same protocol as were the rates of pyruvate enolization catalyzed by phosphonopyruvate hydrolase (5 µM), petal death protein (4 µM) and PEP mutase (5 µM).
The observed rate constant for catalyzed proton exchange (k enol ) was calculated from the 1 H NMR spectra using eq 1 where A t /A 0 is the ratio of the C(3) proton peak areas determined at time "t" and at t ) 0, [S 0 ] is the initial substrate concentration and [E] is the enzyme concentration.
13 C NMR Analysis of PA4872 Catalyzed Decarboxylation of Oxaloacetate. The 13 C NMR spectra were recorded at 25°C by using a Bruker Avance 500 NMR spectrometer. Methanol served as an internal standard (49 ppm). Following a 30 min incubation period of a solution initially containing 2 34
a R ) ∑hkl||Fo| -|Fc||/∑hkl|Fo|, where Fo and Fc are the observed and calculated structure factors, respectively. Rwork corresponds to the reflections used in refinement, Rfree refers to randomly selected reflections omitted from the refinement, and Roverall corresponds to all reflections.
(1) deionized water at 25°C (adjusted to pH 7.5 with aqueous NaOH), the PA4872 was removed by filtration using a centricon device. D 2 O was added to the filtrate to a final concentration of 10% (v/v). The 13 C NMR spectra of oxaloacetate, pyruvate, oxalate and bicarbonate in aqueous solution with 5 mM MgCl 2 (pH 7.5) were measured at 25°C. Oxaloacetate signals appeared at 200.5 ppm (C(2)), 174.8 ppm (C(4)), 168.4 ppm (C(1)), 98.3 ppm (C(3)). The pyruvate signals appeared at 205.2 ppm (C(2)), 170.0 ppm (C(1)), 26.6 ppm (C(3)). The bicarbonate signal appeared at 161.2 ppm.
Oxaloacetate and 3-Methyloxaloacetate Decarboxylation Assays. Direct Assay. The wild-type and mutant PA4872-catalyzed oxaloacetate decarboxylation reactions were monitored by using the continuous spectrophotometric assay for oxaloacetate consumption (decrease in solution absorbance at 255 nm; ∆ ) 1.1 mM -1 ) (28). Reactions (0.25 mL) were carried out in quartz cells of 0.1 cm path length at 25°C. Reaction solutions initially contained oxaloacetate, 5 mM MgCl 2 and 50 mM K + Hepes (pH 7.5). Coupled Assay. The PA4872 catalyzed decarboxylation reactions of oxaloacetate or 3-methyloxaloacetate were monitored at 340 nm (∆ ) 6.2 mM -1 cm -1 ) using a coupled assay for pyruvate or R-ketobutyrate formation. Reactions (1 mL volume) were carried out in quartz cells of 1 cm path length at 25°C. Assay solutions contained oxaloacetate or 3-methyloxaloacetate, 10 units of lactate dehydrogenase, 0.2 mM NADH, 5 mM MgCl 2 and 50 mM K + Hepes (pH 7.5).
Steady-State Kinetics Analysis. The steady-state kinetic parameters (K m and k cat ) were determined from the initial velocity data measured as a function of oxaloacetate concentration (varied from 0.5-to 5-fold K m ). The initial velocity data were fitted to eq 2 with KinetAsystI:
where [S] is the substrate concentration, V 0 is the initial velocity, V max is the maximum velocity, and K m is the Michaelis-Menten constant. The k cat value was calculated from V max and the enzyme concentration using the equation 1 H NMR spectra were recorded at 20°C with a Bruker Avance 500 NMR spectrometer. The decarboxylation reaction was monitored by measuring the disappearance of the C(3)CH 3 1 H NMR signal. The two control reactions, one which lacked PA4872, and the other both PA4872 and MgCl 2 , were carried out in parallel.
The steady-state kinetic constant for catalyzed decarboxylation (k cat ) was calculated from the 1 H NMR spectral data using eq 3, where A t /A 0 is the ratio of the C(3) proton peak areas determined at time "t" and at t ) 0, [S 0 ] is the initial substrate concentration and [E] is the enzyme concentration.
Inhibition Constant Determination. The competitive inhibition constant K i was determined for 3,3-difluoroxaloacetate, pyruvate, oxalate, R-ketovalerate, acetopyruvate, and phosphonopyruvate Vs oxaloacetate by fitting initial velocity data (obtained using the direct assay described above) to eq 4 with KinetAsystI: 
RESULTS AND DISCUSSION
A complete assignment of a biological function to an "unknown" member of an enzyme superfamily requires the identification of the type of chemical reaction that it catalyzes, the range of reactants that it can efficiently transform, and the metabolic context(s) of the reaction(s) in the organism. The active sites of the members of an enzyme superfamily have in common a conserved catalytic scaffold that positions core residues that function in stabilization of a common intermediate and/or transition state. Families within a superfamily diversify by acquiring active site residues that expand the range of chemical reactions. Accordingly, the core residues that stabilize the R-oxyanion intermediate shared by the PEP mutase/isocitrate lyase superfamily members are conserved in the PA4872 amino acid sequence. Key to the discovery of the structure of the intermediate stabilized by PA4872 is the determination of the spatial disposition of the diversity residues within the catalytic site. Thus, our first step in the PA4872 function assignment was the determination of the PA4872 X-crystal structure.
OVerall Structure. The PA4872/Mg 2+ -oxalate crystal structure, refined at 1.9 Å resolution, includes six molecules in the asymmetric unit. Four molecules denoted A-D form a tetramer (Figure 2A ), the biologically relevant assembly, and two molecules (E and F) form a dimer, which together with a crystallographic symmetry related dimer comprises another tetramer. 
contains Mg 2+ and an oxalate. All backbone torsion angle values are within the allowed regions of the Ramachandran plot, and the bond lengths and bond angles are well within the range observed in crystal structures of small molecules ( Table 2) . PA4872 adopts the R/ barrel fold characteristic of the PEP mutase/isocitrate lyase superfamily, in which the eighth R-helix of a subunit is swapped with that of an adjacent subunit. The gating loop adopts an open conformation, and the active site, containing Mg 2+ and oxalate ( Figure 2B ), is solvent accessible. PA4872 differs from other superfamily members in the C-terminus following the swapped R-helix. Whereas the C-terminus of all other superfamily members traverses the active site of the partner subunit, in PA4872 the polypeptide chain turns back after the swapping of the helix and traverses its own active site ( Figure 2B) .
ActiVe Site. As with other R/ barrel enzymes (29) , the active site is located at the C-terminal end of the barrel's -strands. Mg 2+ and oxalate bind in a highly polar cavity (Figure 3) . Mg 2+ coordinates the C(1)O and C(2)O oxygen atoms of oxalate, the Asp88 carboxylate and 3 water molecules. The 3 water ligands engage in hydrogen bond interactions with the side chain carboxylic groups of Asp61, Asp90, Glu117, and Asp88. The oxalate C(1)OO-carboxylate interacts with the Ser50 hydroxyl group (2.5 Å), and with an oxyanion hole formed by the backbone amides of Gly49 and Ser50 (3.5 Å and 3.1 Å, respectively). Gly49 and Ser50 are located at the N-terminus of a short R-helix ( Figure  1 ), suggesting that the helix dipole also contributes to substrate binding. The oxalate C(2)OO-engages in an ionic interaction with the guanidinium group of Arg159 (3.1 Å). No restraints were imposed on the planarity of the oxalate during the refinement. The six molecules in the asymmetric unit exhibit on average a 19°departure from planarity (referring to the C(1)-C(2) torsion angle). This appears to be a significant distortion but should be taken with caution because the oxalate crystallographic temperature factors are relatively high at 42 Å 2 . The mode of oxalate interaction with the protein groups is the same as observed for the crystal structures of PEP mutase (7) and phosphonopyruvate hydrolase (5), and comparable to the mode of pyruvate interaction with protein groups observed for the crystal structure of 2-methylisocitrate lyase (1). The arginine, oxyanion hole and the Mg +2 binding residues comprise the core residues of the superfamily catalytic scaffold.
Two residues, located within the vicinity of the oxalate ligand, distinguish the PA4872 active site from those of other family members with known structure: Tyr212 positioned on the loop connecting 7 and R7, and His235 located on the loop connecting 8 and R8 (Figure 3) . The His235 N is located within hydrogen-bonding distance (2.5-3.0 Å) of the oxalate C(1)O (the same C(1)O that engages in hydrogen bond interaction with the Ser50 hydroxyl group; the other C(1)O is coordinated to Mg 2+ ) and possibly within hydrogenbonding distance of the oxalate C(2)O (3.2-3.8 Å) (the other C(2)O is coordinated to Mg 2+ ). The H235 imidazole tautomer in which both the N and N δ atoms are protonated is evidenced by the hydrogen bond network associated with N δ . Specifically, the His235 N δ functions as a hydrogen bond donor and Ser27 hydroxyl (2.5-3.0 Å) as a hydrogen bond acceptor ( Figure 3 ). In turn, Ser27 hydroxyl serves as a hydrogen bond donor to an internal water molecule that donates its hydrogen atom to the backbone carbonyl groups of Val28 and Ile46, and accepts a hydrogen bond from the backbone amide group of Gly48 (not shown). The conclusion that His235 is charged is consistent with the pH of the crystals (6.0). Within the PA4872 sequence family ( Figure  4 ), His235 is stringently conserved and position 27 is occupied by a serine or a threonine. The hydrogen bond network suggests that the His235-Ser27 pair plays an important structural role in maintaining the fold integrity and active site architecture. However, site-directed mutagenesis studies described below show that His235 does not play a major mechanistic role despite its close proximity to the oxalate and by inference to the substrate.
The Tyr212 hydroxyl group is positioned close to the oxalate ligand but not close enough for hydrogen bond interaction. Tyr212 is conserved among the majority of the PA4872 sequence family members (Figure 4) .
Although the gating loop is ordered in the PA4872 crystal structure, it does not close over the active site. Other examples of an "active site-open loop conformation" have been observed in X-ray structures of superfamily members that are known to require loop closure for catalytic turnover (1, 5, 7, 30) . Loop closure is facilitated by the substrates or substrate analogues that engage in favorable electrostatic interactions with one or more loop residues. An oxalate ligand, however, is an analogue of pyruvate and does not possess the moiety that interacts with the gating loop in the structures of other PEP mutase/isocitrate lyase superfamily members. Thus, the observation that the gating loop does not close over the PA4872 active site in the present structure is not sufficient evidence to conclude that loop closure does not occur during catalytic turnover. On the other hand, a key determinant of loop closure is the interaction between a loop lysine and a catalytic site glutamate residue (exemplified by Lys120 and Glu114 in PEP mutase (7)). PA4872 is unique in that the loop lysine residue is absent. For the superfamily members that require a loop-closed conformation for catalytic turnover, the Glu-Lys interaction serves to pin the gating loop at one side of the active site.
To explore the potential contribution that the gating loop residues might make to the catalytic site, we modeled the loop in the active site-closed conformation, using input from the structures of other superfamily members as a template (model not shown). Although we do not know the accuracy of this model, it does provide an indication that the loop does not contribute residues that might function in binding substrate Via electrostatic interaction or participate in proton transfer (i.e., general acid/base catalysis). On the other hand, the model suggests that in the closed conformation, a conserved aromatic loop residue, Phe125 (replaced only by Tyr in the sequence family), may restrict solvent access to the active site.
A second structural feature of PA4872 that is unique within the superfamily is the R-helical C-terminus. Among the R/ -barrel fold structures, the PEP mutase/isocitrate lyase superfamily is distinguished by the use of R/ -barrel eighth helix of one subunit to swap with that of the a neighboring subunit (7). The R-helical segment that follows the eighth helix traverses the active site of the neighboring subunit and assists in desolvation of the bound substrate. The unique conformation of the PA4872 C-terminus, in which the main chain reverses direction after the R8 helix swapping, creates a channel leading to the active site adjacent the C-terminus of 8 ( Figure 5A ). None of the other PEP mutase/isocitrate lyase superfamily enzyme structures exhibit such a channel (see, for comparison, the analogous surface representation of 2-methylisocitrate lyase in Figure 5B , which shows no such channel). The channel exposes the PA4872 active site to solvent from the side of the oxalate/pyruvate C(1) carboxylate group. Closure of the gating loop, as observed for the loop-closed model, does not close this channel, and therefore, we can assume that exposure of this region to solvent occurs during catalytic turnover. Solvent exposure occurs with the binary product complex of MOBH bound with ketopantoate (11), however this would not occur with the ternary substrate complex in which the N 5 ,N 10 -methylene tetrahydrofolate "sits on top" of the active site, thereby shielding it from solvent while acting as the hydroxymethyl donor to the ensuing R-ketoisovalerate anion intermediate (Figure 1) . The solvent accessibility of the PA4872 active site may by required for catalytic turnover, which among the superfamily members is unique.
Assignment of PA4872 to the Enolate-Forming Branch of the PEP Mutase/Isocitrate Lyase Superfamily. The reactions catalyzed by the PEP mutase/isocitrate lyase superfamily (Figure 1 ) fall into the two categories represented in Figure  6 . The reactions catalyzed by PEP mutase, phosphonopyruvate hydrolase and MOBH proceed Via a planar R-caboxy enolate intermediate (and/or transition state) whereas the reactions catalyzed by isocitrate lyase, 2-methylisocitrate lyase, petal death protein and oxaloacetate hydrolase proceed with the formation of a R-carboxy alkoxide and acicarboxylate anion intermediate pair (and/or transition state). The conservation of the core residues known to stabilize the R-oxyanion intermediate, coupled with the absence of polar residues in the region of the active site that accommodates the aci-carboxylate anion intermediate formed by the C-C bond lyases (1-3, 6, 8-10, 31) , suggested that PA4872 might belong to the R-carboxy enolate intermediate forming branch of the superfamily. Activity tests designed to evaluate the ability of the PA4872 catalytic scaffold to stabilize an enolate anion intermediate confirmed this hypothesis.
Blanchard and co-workers carried out solvent deuterium exchange reactions monitored by 1 H NMR spectroscopy to demonstrate MOBH catalyzed enolization of R-ketoisovalerate (32) . Although PA4872 lacks the MOBH general base (Glu181 in the E. coli enzyme (11)) that abstracts the C(3)H of the R-ketoisovalerate in the enolization partial reaction (Val188 occupies this position in PA4872), PA4872 does conserve the electropositive residues and the Mg 2+ cofactor that function in stabilization of the R-carboxy enolate anion. Using the same 1 H NMR based approach, the rate constants for the enolization (k enol ) of pyruvate catalyzed by phosphonopyruvate hydrolase and PEP mutase were measured. Like PA4872 these enzymes conserve the electropositive residues and the Mg 2+ cofactor that stabilize the pyruvate enolate intermediate but lack an enzyme residue to function as a general base in the enolization of pyruvate. The k enol measured for phosphonopyruvate hydrolase is 12 min -1 , and that for PEP mutase is 4 min -1 . These rate constants are significantly smaller than the k cat values measured for the catalyzed reactions shown in Figure 1 (105 s -1 (5) and 34 FIGURE 4: Structure based sequence alignment of PA4872 close relatives. Invariant active site residues that are conserved also in other PEP mutase/isocitrate lyase superfamily members are highlighted in blocked green. Other invariant residues are highlighted in blocked gray except for the active site His235, Tyr 212 (and the nearby glutamate of the 3-protein subgroup) and Ser27, which are highlighted in blocked red. Secondary structure motifs are shown above the sequences.
s -1 (33), respectively) and thus, the turnover rates greatly exceed the enolization rates. In contrast, the reported k cat for the Mycobacterium tuberculosis MOBH is 47 min -1 and the rate constant for the enolization of R-ketoisovalerate (k enol ) is 752 min -1 (32), which greatly exceeds the turnover rate. The difference in kinetic behavior is consistent with the fact that MOBH catalyzes the enolization of R-ketoisovalerate as the first partial reaction of the overall reaction ( Figure 1 ) and that MOBH possesses a general base (Glu181) to assist in the catalysis of the R-ketoisovalerate enolization. Phosphonopyruvate hydrolase and PEP mutase, on the other hand, do not catalyze pyruvate enolization as a partial reaction of the overall reaction, nor do they possesses a general base that might facilitate pyruvate enolization. We assume that a water molecule functions in base catalysis of the pyruvate enolization. The rate enhancements observed with phosphonopyruvate hydrolase and PEP mutase are attributed to the delocalization of excess charge from the pyruvate enolate onto the Mg +2 cofactor and the electropositive active site residues.
The k enol determined for the petal death protein is 0.6 min -1 whereas isocitrate lyase and 2-methylisocitrate lyase do not catalyze exchange at a detectable level. These three enzymes do not form an enolate anion intermediate (Figure 1) . Based on these results we conclude that the 2 branches of the superfamily are distinguished by the ability Vs inability to catalyze the enolization of R-keto acids. In this context we interpret the k enol ) 24 min -1 measured for PA4872 catalyzed pyruvate enolization ( Table 3 ) as evidence that it is a member of the R-carboxy enolate anion intermediate forming branch of the superfamily.
To gain information about the structure of the R-carboxy enolate anion intermediate formed during PA4872 catalytic turnover of its physiological substrate, the k enol for a variety of C(3) substituted pyruvate compounds were measured (Table 3) . Whereas only R-ketoisovalerate is substrate for the overall reaction catalyzed by MOBH (32) , this enzyme catalyzes the enolization of pyruvate and C(3) substituted pyruvate with the following efficiencies: for the native substrate R-ketoisovalerate k enol ) 752 min ; for R-keto--methyl-valerate k enol ) 482 min -1 ; for R-ketobutyrate k enol ) 354 min -1 ; for R-ketovalerate k enol ) 229 min -1 ; for pyruvate k enol ) 129 min . In contrast, PA4872 is only significantly active with the linear R-keto acids for which the order of reactivity is R-ketovalerate > R-ketobutyrate > pyruvate (Table 3 ). This result suggested that the native substrate is a small linear R-keto acid.
PA4872 Chemical Function Determination. The PA4872 active site provides space in a hydrophobic pocket lined by Met208, Val210 and Val232, for a small C(3) substituent such as a methyl or ethyl group. Adjacent to the Tyr212, there is also space for a second C(3) substituent oriented toward the active site exit at the C-terminus edge of the R/ barrel, albeit with slight adjustment of the Tyr212 side chain conformation. This suggested the possibility that PA4872 catalyzes a -elimination reaction in an R-keto acid substrate. The obvious candidate for such a reaction is oxaloacetate. The PA4872 active site, modeled with oxaloacetate, is shown in Figure 7 along with models built with 3-methyloxaloacetate and 3-ethyloxaloacetate as the ligands. All three models conserve the electrostatic interactions with the core residues that stabilize the pyruvate enolate while the carboxylate group is confined to a position above the plane of the developing pyruvate enolate intermediate, in accord with the accepted geometry for decarboxylation in a -keto acid (34) .
The addition of PA4872 to a buffered solution of oxaloacetate and Mg 2+ was accompanied by rapid bubble formation (Viz., CO 2 ). 13 C NMR analysis of the solution confirmed that the oxaloacetate had been quantitatively converted to pyruvate and bicarbonate. The steady-state rate constants for this reaction were measured using two different assay methods. The first monitors the disappearance of oxaloacetate (absorbance decrease at 255 nm) and the second monitors the formation of pyruvate Via coupled reaction with lactate dehydrogenase and NADH (absorbance decrease at 340 nm). The results are presented in Table 4 . Owing to the fact that oxaloacetate is a slow substrate for lactate dehydrogenase (hence a background rate must be subtracted) the direct assay is likely to be the more accurate measurement. The k cat ) 7500 s -1 is 2-3 orders of magnitude larger than the k cat values of the following superfamily enzymes in reaction with their physiological substrates: PEP mutase (k cat ) 34 s -1 for the enzyme from Mytilus edulis (33)), phosphonopyruvate hydrolase (k cat ) 105 s -1 for the enzyme from VarioVorax sp. Pal2 (5)), oxaloacetate hydrolase (k cat ) 10 s -1 for the enzyme from Botrytis cinerea (31)), isocitrate lyase (k cat ) 100 s -1 for the enzyme from E. coli (1)), 2-methylisocitrate lyase (k cat ) 19 s -1 for the enzyme from E. coli (1)), and petal death protein (k cat ) 8 s -1 for the best substrate, 2R-ethyl-3S-methylmalate (35)). The k cat is 4 orders of magnitude larger than that of the MOBH (k cat ) 0.8 s -1 ).
Knowledge of the k cat for PA4872 catalysis of its physiological reaction allows us to contrast the efficiency by which the pyruvate enolate is formed by decarboxylation of oxaloacetate to the efficiency at which the enzyme catalyzes the enolization of bound pyruvate; at k cat ) 7500 s -1 Vs k enol ) 0.4 s -1 , the trend is the same as PEP mutase and phosphonopyruvate hydrolase, and the reverse of MOBH. Although the His235 N is located near the C(3) of the modeled oxaloacetate it does not make a significant contribution to catalysis of R-keto acid enolization. Specifically, k enol values measured for H235A and H235Q PA4872 with the best enolization substrate (R-ketovalerate) are only 3-fold smaller than that of wild-type PA4872 (Table 3 ).
The models of PA4872 bound with 3-methyl-and 3-ethyloxaloacetate ( Figure 7 ) suggested that these compounds a The reaction mixture in this assay initially contained 10 mM 3-methyloxaloacetate, 5 mM MgCl2, 6 nM PA4872, 50 mM KH2PO4 (pH 7.0, 20°C), and 1 mM sodium acetate (as the internal standard). The 1 H NMR of 3-methyloxaloacetate measured under the reaction conditions defines the relative ratio of enol:ketone:gem diol as 1.7: 0.8:0.8. The rate of decarboxylation of 3-methyloxaloacetate in buffer is 0.052 mM/min, the rate in MgCl2-containing buffer is 0.078 mM/ min whereas the rate measured in the presence of the 6 nM PA4872 is 0.38 mM/min. might also be good substrates for PA4872 decarboxylation. 3-Methyloxaloacetate is a metabolite formed from L-threo-3-methylaspartate within the C-5 branched dibasic acid metabolic pathway (http://www.genome.ad.jp/kegg/pathway.html; (36) ) and thus a potential physiological substrate for PA4872. 3-Methyloxaloacetate was prepared by chemical synthesis (see Supporting Information), and the rate of PA4872 decarboxylation was monitored by 1 H NMR to define a turnover rate of 790 s -1 at 10 mM 3-methyloxaloacetate (Table 4 ). The steady-state kinetic constants were measured using the LDH/NADH coupled assay for formation of R-ketobutyrate defining k cat ) 250 ( 10 s . Although the k cat /K m value is an order of magnitude smaller than that measured for oxaloacetate, it is still large enough to support the possible physiological relevance of this reaction. Whereas the C(3)CH 3 substituent increased the rate of the enolization of the R-keto acid 2-fold (R-ketovalerate k enol ) 56 min -1 Vs pyruvate k enol ) 24 min -1 ), it decreased the rate of decarboxylation in the corresponding diacid 3-methyloxaloacetate relative to oxaloacetate by ∼20-fold. Thus, the PA4872 catalyzed decarboxylation reaction is hindered by the C(3)CH 3 substituent and based on this observation we hypothesize that the PA4872 evolved to function in the decarboxylation of the main stream metabolite oxaloacetate rather than the decarboxylation of the more obscure metabolite 3-methyloxaloactate.
PA4872 Catalytic Proficiency. The rate of oxaloacetate decarboxylation in aqueous solution was investigated earlier using 3-methyloxaloacetate in place of oxaloacetate so that the reaction could be monitored by 1 H NMR. The rate measured at pH 4.6 and 31°C was 7.8 × 10 -5 s -1 (37). The rate measured at pH 7 and 25°C defines k ) 1.2 × 10 -4 s -1 in the absence of Mg +2 and k ) 1.8 × 10 -4 s -1 in the presence of 5 mM (Table 4) . Thus, the approximate value for k catalyzed /k solution is 4 × 10 7 .
The steady-state kinetic constants measured for decarboxylation of oxaloacetate catalyzed by PEP mutase are k cat 
). Our "control enzyme"
2-methylisocitrate lyase did not catalyze oxaloacetate decarboxylation at a detectable rate (k cat < 1 × 10 -3 s -1 ). Thus, the ability of the members of the pyruvate enolate intermediate forming branch of the PEP mutase/isocitrate lyase superfamily to stabilize the pyruvate enolate anion ( Figure  6 ) is sufficient to confer a weak decarboxylase activity on them. The proficiency of the PA4872 (k catalyzed /k solution ∼ 10 8 ) is substantially greater than that of PEP mutase (k catalyzed / k solution ∼ 10 3 ) and phosphonopyruvate hydrolase (k catalyzed / k solution ∼ 10 4 ). Hence, PA4872 diverged in function through optimization of the active site environment to facilitate decarboxylation. PA4872 Substrate Recognition. The binding constants for substrate and intermediate analogues were determined by measuring the competitive (Vs oxaloacetate) inhibition constant (K i ) for these compounds. The pyruvate enolate analogue used in the X-ray structure determination, oxalate, was found to have a K i ) 43 µM (Table 5 ). This value is comparable to the K i ) 25 µM measured for PEP mutase (38) . In contrast, phosphonopyruvate, which binds very tightly to PEP mutase (K m ) 1 µM and K i for sulfopyruvate ) 40 µM) (33, 38) , binds very poorly to PA4872 (K i ) 3 mM). Thus, the two enzymes share tight binding to the pyruvate enolate analogue but diverge in substrate recognition. Oxalate is also the product of oxaloacetate hydrolase and petal death protein catalyzed oxaloacetate cleavage. The K i values measured for these two enzymes are 19 µM (31) and 4 µM (35), respectively.
3,3-Difluoroxaloacetate, which differs from oxaloacetate by replacement of the C(3) hydrogens with fluorine atoms, is not a substrate for PA4872 decarboxylation, nor is it a substrate for oxaloacetate hydrolase catalyzed hydrolytic cleavage (31) . Whereas oxaloacetate exists predominantly in the C(2) keto form (35) , the 3,3-difluoroxaloacetate exists predominantly in the C(2) gem diol (hydrate) form (31) . Oxaloacetate hydrolase catalyzes C(2)-C(3) bond cleavage in the oxaloacetate gem diol. The tight binding of 3,3-difluoroxaloacetate (K i ) 68 nM, (31)) suggests that the enzyme active site is specialized in recruiting or generating the gem diol form of oxaloacetate. It is not clear why the fluorine atoms at C(3) impair the C(2)-C(3) cleavage step. PA4872 binds 3,3-difluoroxaloacetate 7500-fold less tightly than does oxaloacetate hydrolase at K i ) 450 µM and is unable to decarboxylate this substrate analogue. The comparatively higher stability of the 3,3-difluoroxaloacetate to decarboxylation in solution and in the presence of PA4872 may be due to the predominance of the gem diol and/or another inherent property of the keto form.
The K i values of R-ketovalerate (6.7 mM) and pyruvate (7.2 mM) were measured to determine whether the C(3) ethyl substituent enhances binding affinity, which it does not (Table 5) . Last, we synthesized acetopyruvate (see Supporting Information) to test as an oxaloacetate analogue. The K i ) 1 mM indicates a ∼7-fold tighter binding than observed for pyruvate.
PA4872 Catalytic Mechanism. Shown in Figure 8 are the key interactions of oxaloacetate modeled in the PA4872 active site. These are analogous to the set of interactions of the phosphonopyruvate substrate in the active sites of PEP mutase and phosphonopyruvate hydrolase, which share with PA4827 the capacity to catalyze oxaloacetate decarboxylation (albeit at a much reduced rate). The modest oxaloacetate decarboxylase activity of PEP mutase and phosphonopyruvate hydrolase is evidence that these interactions are applicable to oxaloacetate binding and decarboxylation and that the difference in catalytic efficiency originates in differences in the active site environments.
Not shown in Figure 8 are the two polar residues of the PA4872 active site with the greatest potential to facilitate the decarboxylation are His235 and Tyr212 (Figure 3) , conserved residues in the PA4872 sequence family ( Figure  4 ) that are absent in PEP mutase and phosphonopyruvate hydrolase. At first glance one might envision hydrogen bond interaction between the Tyr212 hydroxyl group and the oxaloacetate C(3)COO-and a role for the His235 in general acid catalysis. These features, in particular the positioning of His235 with respect to oxalate, inspired us to test whether PA4872 stabilizes a pyruvate enolate intermediate, which ultimately led to the discovery of the decarboxylation activity.
Further analysis, however, did not support either catalytic role because replacements of these two residues did not impact enzyme efficiency significantly (Table 6 ). Perhaps noteworthy is the 25-fold reduction in the K m value of the Y212F mutant, which suggests that the Tyr212 hydroxyl group impairs substrate binding yet at the same time it facilitates catalysis (the k cat of Y212F PA4872 is reduced by 23-fold). This conjecture is supported by the observation that the K i values measured for acetopyruvate (aceto group in place of the oxaloacetate C(3) carboxylate group) and R-ketovalarate (ethyl group in place of the oxaloacetate C(3) carboxylate group) are 2-fold smaller than those measured for the wild-type enzyme (Table 5) .
Relevant to the catalytic mechanism, the pH rate profile data ( Figure 9 ) shows that there is no change in the k cat value over the pH 5-10 range and there is not sufficient variation in the k cat /K m to assign to the ionization of an essential residue. This rules out that a protonated His235 serves as the general acid in the decarboxylation reaction. Otherwise we would anticipate a drop in catalytic efficiency above pH 6.5. Moreover, the k cat and k cat /K m values determined for H235A and H235A catalysis of oxaloacetate decarboxylation are less than an order of magnitude smaller than the k cat and k cat /K m values measured for wild-type PA4872. The stringent conservation of the histidine residue among the PA4872 sequence family members is attributed to its structural role (described in a previous section) rather than to a catalytic role. Because Tyr212 and His235 do not appear to play a direct role in the catalytic mechanism, they are not included in Figure 8 .
The origin of the greater rate enhancement observed with PA4872 Vs the PEP mutase and phosphonopyruvate hydro- lase is currently unknown but may arise from two unique structural features. The first is a sterically restricted hydrophobic region of the active site which is able to confine the C(3)COO-in an orientation optimal for the dissociation of CO 2 ( Figure 7) . If the gating loop closes, the desolvation of the C(3)COO-into a nonpolar region of the active site is also expected to contribute to ground state destabilization that is relieved as the charge is transferred to the C(3) upon CO 2 dissociation. The second important feature of the PA4872 active site is the solvent access to C(3) provided by the channel (Figure 6 ), which is unique to PA4872. A water molecule that approaches C(3) from that direction may serve as the acid that protonates the pyruvate enolate.
There are several other enzyme superfamilies from which an oxaloacetate decarboxylase has emerged. Pyruvate kinase possesses an intrinsic oxaloacetate decarboxylase activity owing to its ability to stabilize a pyruvate enolate intermediate, but oxaloacetate is not considered its physiological substrate (39, 40) . The malic enzyme catalyzes oxaloacetate decarboxylation as the second partial reaction in the conversion of malate to CO 2 plus pyruvate with the reduction of NAD to NADH (41) . CitM within the malic enzyme family has evolved to function in a specialized citrate degradation pathway in a small group of Gram-positive bacteria (42) . The CitM cannot convert malate to oxaloacetate, but it does decarboxylate oxaloacetate at an efficiency of k cat ) 20 s -1 and K m ) 0.5 mM using the same catalytic residues of the malic enzyme. The catalytic residues of CitM and the malic enzyme (43) are depicted in Figure 8 along with two possible pathways for the catalyzed decarboxylation. As with PA4872, a Mg +2 cofactor is used along with several electropositive active residues to bind the R-keto acid moiety. There are however distinct differences in catalytic mechanism. First, the carboxylate is oriented for the dissociation by binding to an asparagine side chain and an internal water molecule. Second, a tyrosine residue is positioned close to the C(3) so that it might function as the acid catalyst (pathway a). Alternatively, the Lys residue that engages in hydrogen bond formation with the substrate C(2)dO may transfer its proton as the reaction proceeds (pathway b). Despite its seemingly more sophisticated catalytic site, the catalytic efficiency of CitM is significantly lower than that of PA4872.
A third known "dedicated" oxaloacetate decarboxylase is the oxaloacetate decarboxylase Na + pump present in a wide range of bacterial species. This membrane protein system catalyzes the transfer of the C(3) carboxyl group of oxaloacetate to a biotin prosthetic group and the decarboxylation of the carboxybiotin, coupled to Na + translocation. The recent crystal structure of the enzyme shows that the Zn 2+ -dependent oxaloacetate decarboxylase domain adopts an R/ barrel fold, but otherwise the catalytic mechanism is entirely different than that of PA4872 (44); a catalytic lysine residue serves as the acceptor of the CO 2 from oxaloacetate and transfers it to biotin, which induces the sodium translocation.
A fourth dedicated oxaloacetate decarboxylase from Pseudomonas species has been characterized. This large (∼600 amino acids) 3-domain decarboxylase is found in a wide range of Gram-negative bacteria, including the same species of bacteria that produce the PA4872 family members. Although the structure of this enzyme has not been determined, the stereochemistry of the protonation with inversion at C(3) has been reported (45) as well as the results from an in-depth examination of transition state structure, metal cofactor activation and pH effects (46) . PA4872-like Species Distribution and Biological Function. PA4872 orthologues are found in all deposited Pseudomonad genomes (genus of γ-proteobacteria) and in only a few other Gram-negative bacteria. The most distinguishing sequence features in this group of enzymes are the invariant His235-Ser27 (or Thr) pair, the lack of the conserved lysine that regulates the closure of the gating active site loop, and the very different sequence of the gating loop compared with other enzymes in the PEP mutase/isocitrate lyase superfamily (Figure 4) . Two of the Pseudomonad species each have a strain that contain two copies of the gene (paralogues), well separated within the genome. One paralogue shares high sequence identity with PA4872 (>70%) while the other shares 50-60% identity. The identity level of both paralogues within a genome is sufficiently high to indicate the same chemical function although their substrate specificity may vary. Within the Pseudomonad group the sequence identity between PA4872 and the closest homologues is 70-99%. Outside of the Pseudomonad group it is in the 70-80% range for Chromohalobacter salexigens, Reinekea sp. MED297 and Marinomonas sp. MWYL1, but drops to 50-52% for Rhodopseudomonas palustris strains (genus of R-proteobacteria), 44-47% for Bradyrhizobium strains (Rdivision) and down to 40% for the Burkholderia xenoVorans ( -division). Importantly, B. xenoVorans is the only species of the many Burkholderia species whose genome sequences have been determined that contains a PA4872 orthologue. This was confirmed by a BLAST search of the Burkholderiaceae group using the B. xenoVorans as query that showed only lyase sequences (clearly identified by the active site gating loop sequence) at 30-36% identity.
The second PA4872-like copy is found in Pseudomonas fluorescens PfO-1 and in Pseudomonas putida W619 but in no other reported species. This paralogue is expected to have identical substrate specificity in both organisms because the sequence identity between the two is 84%.
Based on the species distribution it is evident that PA4872 performs a specialized metabolic function in a select group of Gram-negative bacteria restricted to all Pseudomonads of defined genome sequence (γ-proteobacteria), a few among the many R-proteobacteria, and a single, environmental, -proteobacteria. Because oxaloacetate and pyruvate are key intermediary metabolites that link numerous pathways, and because carbonate is used as a precursor for biotin mediated caboxylation reactions, the oxaloacetate decarboxylase could have many potential metabolic uses. Indeed, the genome context analysis described below led us to the conclusion that the Pseudomonads, which exhibit great metabolic diversity, may utilize the oxaloacetate in a variety of processes that require the supply of pyruvate or bicarbonate.
The genome contexts of the PA4872 and its close relatives were examined to obtain clues about the biological function, underscoring the variety of contexts in which they are found. Only in the R. palustris strains and the B. japonicum UDSA110 are the oxaloacetate decarboxylase encoding genes organized in an operon. In R. palustris strains, the flanking genes (separated by 1-6 nucleotides) are homologues of acyl phosphatase (hydrolysis of acylphosphate metabolites to the corresponding carboxylic acid and orthophosphate) and the R subunit of acyl-CoA carboxylase (phosphorylation of carbonate with ATP to form carboxyphosphate, followed by the transfer of CO 2 from the carboxyphosphate to biotin). We speculate that, in these two bacterial species, the bicarbonate produced by the oxaloacetate decarboxylase is fixed in the cell by reaction with the biotin carboxylase subunit of the acyl-CoA carboxylase. The connection with the acyl phosphatase is not clear. However we note that in other bacteria (for example Nitrobacter hamburgensis X14) that do not contain the oxaloacetate decarboxylase encoding gene, the genes encoding the acyl phosphatase and the biotin carboxylase are cotranscribed.
The biotin carboxylase, oxaloacetate decarboxylase and acyl phosphatase homologues are also adjacent to one another in the genome of B. japonicum UDSA110. However, only the oxaloacetate decarboxylase and acyl phosphatase genes are clearly cotranscribed (3 nucleotide separation). The biotin carboxylase gene is separated from the oxaloacetate decarboxylase by 149 nucleotides. Perhaps coincidental but nonetheless intriguing, the citrate lyase gene cluster is located in the neighborhood of the biotin carboxylase, oxaloacetate decarboxylase and acyl phosphatase genes within the R. palustris BisB18 genome. The citrate lyase converts citrate to oxaloacetate.
The genome contexts of other PA4872 sequence family members are not as informative; the genes are not located on operons, and the neighboring genes tend to be different. Yet, it is intriguing that Pseudomonas stutzeri A1501 and Pseudomonas mendocina ymp, and the two annotated P. aeruginosa genomes, PAO1 and PA7, position the oxaloacetate decarboxylase gene in the same neighborhood as the urease operon. Urease, which plays an important role in nitrogen acquisition and recycling, requires CO 2 for the synthesis of its nickel metallo center (47) . Next to the urease operon is an amino acid transporter. It is possible that the close arrangement of the amino acid transporter, urease and oxaloacetate decarboxylase genes is not coincidental.
The P. fluorescens Pf-5 oxaloacetate decarboxylase gene is included among the genes encoding acetylornithine aminotransferase (of the urea cycle) and the enzymes of the nicotinamide metabolic pathway. P. fluorescens PfO-1 has two PA4872 homologues; the closest to PA4872 in sequence (78%) is clustered with arginine N-succinyltransferase, N-formylglutamate amidohydrolase, glutamine synthetase and an amino acid transporter. The respective gene clusters are suggestive of amino acid transport and recycling. The pyruvate generated by the oxaloacetate decarboxylase may serve as a NH 3 acceptor in the synthesis of alanine. The genomes of the Pseudomonas syringae strains include the gene encoding oxaloacetate decarboxylase as neighbor to the gene encoding isopropyl malate synthase (leucine biosynthesis) and the genes encoding an amidase and an aminotransferase.
A common denominator in each of the gene contexts described above is the metabolism of amino acids, in which pyruvate might participate. The oxaloacetate decarboxylase gene of P. fluorescens PfO-1 (the second homologue having 55% identity with PA4872) along with that of the Burholderia xenoVans and P. putida F1 are clustered with genes that form a carboxylate transporter and degradation pathway. The genome context of the oxaloacetate decarboxylase gene of Pseudomonas entomophila has no relationship to any of the genes listed above, and its neighboring genes share no common function with one another except that there are several genes related to antibiotics resistance.
Based on essential gene analysis in P. aeruginosa PAO1 using transposon insertion technology, PA4872 is not required for survival (48) . Taken together, the currently available information suggests that the oxaloacetate decarboxylase gene was acquired by all Pseudomonads and by a few other organisms as an auxiliary enzyme that helps maintain the supply of two key metabolites for a variety of cellular processes.
CONCLUSION
The determination of the biological function of a novel gene product presents a challenge in the era of genome sequencing. The rapidly developing discipline of genomic enzymology relies on sequence analysis and/or structure determination to assign the gene product to an enzyme superfamily, which is achieved by recognizing a conserved overall molecular fold that supports a common catalytic scaffold. The discovery of the biochemical function of the new enzyme falls into two classes. Either the chemistry catalyzed is known but the substrate specificity needs to be defined, or in the more difficult situation, both the chemical reaction and substrate range are unknown. In the latter cases, to which PA4872 belongs, the recognizable catalytic scaffold is joined by residues that expand the core chemistry to facilitate the novel chemical pathway.
During the course of our investigation of PA4872, we identified the core chemistry of the PEP mutase/isocitrate lyase superfamily that supports Mg 2+ /Mn 2--dependent C-C or P-C bond cleavage/formation of R-keto acid substrates. The initial activity screening that followed the assignment of enzyme superfamily ruled out the known chemistry but did not lead to the discovery of the new chemistry. The genome context may provide clues about the protein function, but this did not apply in the initial examination of PA4872 genome context. Thus, we relied solely on structure determination and chemical intuition to develop a hypothesis of catalytic function that could then be tested by in Vitro activity screening. The structure provided a clue that PA4872 may belong to the branch of the superfamily that forms an R-carboxy enolate anion intermediate/transition state, and we verified this assignment by demonstrating catalysis of the enolization in R-keto acids. Using a model of PA8472-(Mg +2 )(R-keto acid) complex and our understanding of the mechanisms of catalysis in the other PEP mutase/isocitrate lyase superfamily members, we developed the hypothesis that PA8472 catalyzes the decarboxylation of oxaloacetate and/or a 3-alkyloxaloacetate metabolite. Once the chemistry was identified, a focused activity screen together with further scrutiny of genome context helped define oxaloacetate as the most probable physiological substrate. One would expect that a similar discovery process will apply to other proteins of unknown function.
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